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Zebraﬁsh and medaka offer insights into the
neurobehavioral correlates of vertebrate
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Wolfgang Wurst2, Michael Winklhofer 6,7 & Gil G. Westmeyer1,2,3
An impediment to a mechanistic understanding of how some species sense the geomagnetic
ﬁeld (“magnetoreception”) is the lack of vertebrate genetic models that exhibit well-
characterized magnetoreceptive behavior and are amenable to whole-brain analysis. We
investigated the genetic model organisms zebraﬁsh and medaka, whose young stages are
transparent and optically accessible. In an unfamiliar environment, adult ﬁsh orient according
to the directional change of a magnetic ﬁeld even in darkness. To enable experiments also in
juveniles, we applied slowly oscillating magnetic ﬁelds, aimed at generating conﬂicting sen-
sory inputs during exploratory behavior. Medaka (but not zebraﬁsh) increase their locomotor
activity in this assay. Complementary brain activity mapping reveals neuronal activation in
the lateral hindbrain during magnetic stimulation. These comparative data support magne-
toreception in teleosts, provide evidence for a light-independent mechanism, and demon-
strate the usefulness of zebraﬁsh and medaka as genetic vertebrate models for studying the
biophysical and neuronal mechanisms underlying magnetoreception.
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The geomagnetic ﬁeld (GMF) varies systematically acrossthe surface of the Earth in polarity (direction, North andSouth), inclination (angle between ﬁeld lines and the
Earth’s surface), and intensity, offering a spatial and directional
reference frame for orientation and navigation. Several animals
were reported to sense the Earth’s magnetic ﬁeld (“magnetor-
eception”, Fig. 1)1. Spiny lobsters may use the sense to return
home2,3, migratory birds to ﬁnd their destination4, mole rats
show a preferred geomagnetic orientation when they build their
nest5,6, and cockroaches become more active in slowly oscillating
magnetic ﬁelds7,8.
Despite the widespread occurrence of magnetoreception across
different phyla (Fig. 1), the biophysical and neuronal mechanisms
underlying magnetoreception are poorly understood. Two main
hypotheses on the mechanistic basis of the magnetic sense exist.
(i) Magnetic ﬁelds can bias photochemical reactions involving
radical pairs (“radical pair hypothesis”)9. This might be physically
realized in cryptochromes of the retina, and translated into neu-
ronal signals under short-wavelength light (400–500 nm)10–12.
Behavioral evidence exists for different species supporting such a
light-dependent sense13–16 and disruption of magnetoreceptive
behavior via weak magnetic ﬁelds in the radiofrequency range
seems to further support the radical pair mechanism17,18
(Fig. 1a). In addition, genetic manipulations in insects indicate
the involvement of cryptochromes in magnetoreception7,19,20. (ii)
Alternatively, ferrimagnetic material (e.g. biomineralized mag-
netite) interacting with the GMF could exert forces on mechan-
osensitive cellular structures, which can then be transduced into
neuronal signals (“magnetite hypothesis”)21–23 (Fig. 1a). This
putative mechanism can work independently of light and is
consistent with behavioral data from several animals2,3,24–27.
Furthermore, altered orientation behavior after treatment with a
strong magnetic pulse indicates the involvement of magnetic
material in birds28,29. It is interesting to note that in some species
the two mechanisms seem to coexist and can detect different
parameters of the GMF28,30–36 (Fig. 1a).
Candidate brain circuits of magnetoreception, such as the tri-
geminal brainstem complex in rainbow trouts37,38, European
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Fig. 1 Behavioral evidence for magnetoreception across the animal kingdom. a Schematic summarizing the major experimental evidence for
magnetoreception in invertebrates and vertebrates as reported in the selected studies. The colored circles next to the references indicate whether the
behavioral experiments provide evidence for a light-dependent mechanism (i.e. consistent with the “radical pair hypothesis”, yellow), for a light-
independent mechanism (i.e. working under long-wavelength light or darkness, not consistent with a radical pair mechanism but consistent with the
“magnetite hypothesis”, black) or for the presence of a dual mechanism (yellow/black). The green shadow indicates genetic model organisms that are
accessible by whole-brain optical imaging. b Design of the present study performed on zebraﬁsh and medaka at different developmental stages. Both
juveniles and sexually mature ﬁsh were studied by customized behavioral assays (“locomotor activity” for juveniles and “directional preference” for
sexually mature ﬁsh). Neuronal activation during the “locomotor activity” assay was mapped in medaka juveniles. dpf: days post fertilization
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robins39 and bobolinks40, the visual system in mole rats41, and
the ear and vestibular system in pigeons42,43, have been proposed.
However, the tedious brain sectioning or invasive recordings
necessary in these non-genetic and non-transparent vertebrate
models pose serious challenges for unraveling the precise circuit
underlying magnetoreception.
Due to their small size, relative transparency, as well as their
amenability to genetic manipulations, the teleosts zebraﬁsh
(Danio rerio) and medaka (Oryzias latipes) can be ideal models
for studying the biophysical and neuronal basis of vertebrate
magnetoreception. Comparable features are found only in the
nematode Caenorhabditis elegans, which however may employ
different mechanisms for magnetoreception as compared to
vertebrates44.
Recent reports have suggested that zebraﬁsh are magnetor-
eceptive45–48, but no knowledge regarding the mechanism or the
neuronal circuits is yet available. In this work, we sought to
conduct a comparative study in two teleost models, to test (i)
whether light-independent magnetoreception is present, and (ii)
whether a behavioral assay could be established in young ﬁsh that
is compatible with neuronal activity mapping across the whole-
brain (Fig. 1b). We chose medaka for this comparison because,
similar to zebraﬁsh, it is transparent at early stages and easy to
culture49, but has a less redundant genome50 which is ideal for
genetic studies. Furthermore, in contrast to zebraﬁsh, medaka
seems to migrate between fresh and seawater, a behavior for
which navigational capabilities are beneﬁcial.
Our experiments show that the direction of the magnetic ﬁeld
inﬂuences the orientation of zebraﬁsh and medaka adults even in
the absence of visible light, suggesting the use of a light-
independent sensing mechanism. Furthermore, we established a
behavioral assay for juvenile ﬁsh, which indicates that magneto-
sensitivity is already present in young medaka, but not in young
zebraﬁsh. Brain activity mapping furthermore showed neuronal
activation of the posterior lateral hindbrain in young medaka in
response to stimulation with oscillating magnetic ﬁelds. This
comparative study suggests that magnetoreception might be a
common feature of teleosts and that zebraﬁsh and medaka are
attractive vertebrate models for future research on the biophysical
mechanism and neuronal substrates of magnetoreception.
Results
Zebraﬁsh and medaka orient in response to the MF direction.
To assess magnetoreception in sexually mature ﬁsh, we employed
a behavioral assay similar to Takebe et al.46, who showed direc-
tional preference of genetic cohorts of zebraﬁsh in a magnetic
ﬁeld (MF) after release from the center of a circular arena
(Fig. 2a). We chose an intra-subjective design in which each ﬁsh
was tested twice, in two different magnetic conditions, obtained
by setting the horizontal component of GMF 45° either towards
East (NE) or West (NW), using two pairs of Helmholtz coils
(Fig. 2a, b and Supplementary Fig. 1). This experimental design
ensured that the current running through the coils was the same
(but of opposite direction in the E−W coil pair) in both condi-
tions. In distinction to previous studies in zebraﬁsh46–48, the
behavioral response could thus be conﬁdently assigned to the
change of the direction of the MF. In addition, we tested ﬁsh in
presence or absence of short-wavelength light (Fig. 2c). For
zebraﬁsh, we then analyzed whether the change in bearing of each
ﬁsh followed the 90° ﬁeld deﬂection that we applied between
conditions. Following Takebe et al.46, bearing (BE) was deﬁned as
the line between the center of the arena and the point where the
ﬁsh ﬁrst crossed a virtual circle (Fig. 2d, Supplementary Fig. 2).
We found that under illumination with white light (WL, Fig. 2c)
zebraﬁsh signiﬁcantly changed their bearing such that the
distribution of angular differences between the two magnetic
conditions (NE−NW) showed a mean axis which was consistent
with the 90° deﬂection of the MF (Fig. 2e).
Next, we tested the ﬁsh under infrared illumination (IR, 1060
nm; Fig. 2c), which is not visible for many ﬁsh species, including
zebraﬁsh51. Besides avoiding potentially confounding visual cues,
this experimental condition further aimed at assessing the
presence of a light-independent mechanism of magnetoreception,
postulated by the “magnetite hypothesis”, discussed above. To
avoid possible behavioral effects due to a change in illumination
between acclimation and testing, one group of zebraﬁsh was
additionally acclimated to darkness for 60 min (D-IR group). This
pre-adaptation period should further exclude any persisting
photo-induced MF sensing, given the sub-second lifetime of the
radical pairs in cryptochromes, which is assumed to determine
the signaling states updating neuronal processing during
magnetoreception11,12. Moreover, behavioral experiments in
birds tested under long wavelengths have suggested that exposure
to darkness for an hour prior to testing is sufﬁcient to prevent
light-dependent magnetoreception52.
When we assessed the directional preference in this group of
zebraﬁsh, we found a signiﬁcant change of the bearing, consistent
with the 90° deﬂection of the MF (Fig. 2f). Interestingly, the
distribution of the individual angular differences in the D-IR
group seemed to be polar, and was signiﬁcantly different from
that observed in light (WL vs. D-IR, Watson U2: p< 0.05),
indicating that two different mechanisms might be at play.
Furthermore, when zebraﬁsh were tested twice in the D-IR
condition but without changing the direction of the MF, they
showed a mean reorientation angle whose axis was consistent
with a 0° deﬂection of the ﬁeld (Supplementary Fig. 3). Without
acclimation of the ﬁsh to darkness prior to testing under IR
illumination (IR group), we observed a large scatter in the data
resulting in a distribution that was not signiﬁcantly clustered
(Supplementary Fig. 4). This may have been due to the abrupt
change in illumination between acclimation (in WL) and testing
(under IR), which likely constituted a stress factor for the
ﬁsh53,54.
When testing medaka under IR, we ﬁrst noted that they
exhibited a different swimming behavior. While zebraﬁsh
followed a rather linear trajectory towards the perimeter of the
arena to then swim along the wall (thigmotaxis55, Supplementary
Fig. 5, Supplementary Table 1, Supplementary Movie 1), medaka
explored the arena by swimming in tight circles (“looping
behavior”) (Supplementary Fig. 6, Supplementary Table 1,
Supplementary Movie 2), as also shown in rodent exploratory
behavior56. To quantify whether the observed swimming behavior
was inﬂuenced by the deﬂection of the MF (change in
declination), we analyzed the spatial preference of medaka (SP)
by determining the segment of the arena in which the ﬁsh spent
the majority of time (Fig. 2g, Supplementary Fig. 7). We found
that medaka adapted to darkness for 60 min and tested in IR (D-
IR group, Fig. 2c) showed a signiﬁcant axial change in spatial
preference, compatible with the 90° deﬂection of the MF (Fig. 2h).
Without acclimation to darkness prior to testing, we again
observed a large variation in the directional preference change of
an independent cohort of medaka (IR group, Supplementary
Fig. 8).
Previous studies have shown that a directional preference
relative to the MF exists within groups of zebraﬁsh tested only
once46,47. When we analyzed the initial trial for each ﬁsh in our
experiments to assess the group response in a comparable
fashion, we observed that zebraﬁsh of the D-IR group (AB strain)
showed a signiﬁcant axial distribution in their directional
preference (Supplementary Fig. 9a). This is similar to the result
reported by Takebe et al. for the EKK zebraﬁsh strain. The
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03090-6 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:802 |DOI: 10.1038/s41467-018-03090-6 |www.nature.com/naturecommunications 3
medaka IR and D-IR groups, as well the zebraﬁsh WL group,
showed only an axial trend in their directional preferences
(Supplementary Fig. 9b–e).
Taken together, these data indicate that both zebraﬁsh and
medaka change their directional preference with respect to the
direction of an applied MF also in the absence of visible light. The
results suggest that a light-independent mechanism for magne-
toreception may be a common trait of teleosts. The results do
not however exclude that teleost ﬁsh might be able to employ also
a light-dependent mechanism, if short-wavelength light is
available.
Young medaka change their locomotor activity in oscillating
MF. Next, we asked whether magnetosensitivity is present already
in younger ﬁsh, which would be ideal subjects for subsequent
studies aimed at understanding the molecular and neuronal
mechanisms of magnetoreception because of their small size,
transparency, and amenability to genetic modiﬁcations. We thus
set up a magnetic stimulation paradigm designed to maximize the
likelihood of detecting MF-dependent behavioral and neuronal
responses. In this assay, each ﬁsh was allowed to explore an
unfamiliar circular arena in both of the following conditions for
120 s each: static background MF (sham) and slowly oscillating
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Fig. 2 Adult zebraﬁsh and medaka orient with respect to the direction of a magnetic ﬁeld also in absence of visible light. a–c Schematics of the experimental
setup and procedure. a, b In the experiment, ﬁsh are automatically released from the center of an arena and Helmholtz coils are used to deﬂect (change
in declination) the GMF 45° towards West (NW, red) or East (NE, purple). c Before the experiment, ﬁsh are acclimated in white light (WL) or in
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ﬁsh. e, f Distribution of the angular differences for zebraﬁsh (AB strain) in WL and D-IR. g For medaka, the spatial preference (SP) is assessed during the
second minute after release. h Distribution of the angular differences for medaka (Cab strain) in D-IR. Each dot in the circular plots represents the
individual angular difference, the arrow indicates the mean vector, double arrows indicate axial symmetry computed by doubling the angles. The number of
ﬁsh, the mean angle with the 95% conﬁdence interval (CI), and p values for the Rayleigh test for circular uniformity as well as the V-test (testing for
circular uniformity against the alternative hypothesis of a mean angular difference of 90°) are reported. Statistical tests were performed on the axial data
when such symmetry was observed
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magnetic ﬁeld (soMF), realized by applying a sinusoidally varying
MF with 1 Hz frequency and 40 μT amplitude along the magnetic
East−West axis with respect to the static background GMF
(Fig. 3a, b). To control for non-magnetic effects such as electrical
noise (Methods), we used double-wrapped Helmholtz coils in
which the same amount of current is present in both conditions,
either running parallel (soMF) or anti-parallel (sham)57. We
furthermore excluded confounds due to adaptation to the arena
or temporal sequence by randomizing the order of the two
starting conditions (soMF and sham) for each sequential trial.
Speciﬁcally, as shown in Fig. 3b, ﬁsh belonging to group 1
experienced the arena ﬁrst in sham mode (sham(t1), followed by
soMF(t2)), while the ﬁsh of group 2 were ﬁrst tested with soMF
(soMF(t1)), followed by a control phase (sham(t2)). We reasoned
that if juvenile ﬁsh are indeed magnetoreceptive, a soMF that
changes its direction independently of the animal’s movements
should generate sensory inputs in conﬂict with other information
about the ﬁsh’s body orientation (such as vestibular or proprio-
ceptive). This should then lead to an observable change in their
behavioral and neuronal responses.
In juvenile zebraﬁsh, we did not detect any obvious differences
in the swimming velocity before and after changing the magnetic
condition (Supplementary Fig. 10a, b). In contrast, young
medaka showed a signiﬁcant increase in swimming velocity
during all of the soMF phases (the mean velocity during 1 min
of sham was 0.24 cm s−1 as compared to 0.32 cm s−1 for 1 min
of soMF, Fig. 3c). An analysis of the individual experimental
groups showed that the ﬁrst group of ﬁsh explored the arena
with a mean velocity of 0.15 cm s−1 (sham(t1)), which
signiﬁcantly increased to 0.25 cm s−1 in the 60 s after the soMF
was switched on (Supplementary Fig. 10c, group 1). The
second group, which ﬁrst explored the arena in soMF (soMF
(t1)), also showed a signiﬁcant increase in the mean velocity (0.44
cm s−1) compared to the ﬁrst group (Supplementary Fig. 10c,
sham(t1)-soMF(t1)). A trend towards a decrease in velocity
(0.31 cm s−1) could also be observed after switching off soMF
in group 2 (soMF(t1)-sham (t2), Supplementary Fig. 10c,
group 2).
It is reported that zebraﬁsh explore new environments by
swimming spontaneously in sequences of turns that follow the
same direction58. Therefore, we furthermore asked whether
sensing the soMF would alter the structure of the exploratory
behavior in zebraﬁsh and medaka. To test this, we calculated the
cumulative frequency of complete turns (90°) that occurred
during exploration. While no effect was observed in zebraﬁsh
(Supplementary Fig. 10d, e), we found that during the 30 s
immediately before and after the change in condition, medaka
performed less complete turns in the soMF condition (Fig. 3d).
When looking at group 1 and group 2 separately, a trend towards
a decrease in turns could be observed in group 1 and a signiﬁcant
decrease between sham(t1) and soMF(t1) (Supplementary
Fig. 10f).
Altogether these data suggest that juvenile medaka alter their
exploratory behavior in response to a continuously changing MF,
thus demonstrating that magnetosensitivity is present already in
these young ﬁsh.
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Mapping brain regions activated by oscillating MF in medaka.
We were next interested in searching for brain areas that were
differentially activated by stimulation with soMF during
exploratory behavior. To this end, we chose a brain mapping
technique based on immunohistochemical detection of the level
of phosphorylated ERK (pERK), which shows a high degree of
correlation with neuronal activity59,60. This approach has recently
been employed to detect neural substrates of speciﬁc behaviors in
freely swimming zebraﬁsh60.
Conveniently, whole-mount brain analyses are possible in
medaka juveniles because of the small size and the relative
transparency of their brains. Using the same assay as shown in
Fig. 3, a cohort of juvenile medaka was stimulated for 10 min
while freely exploring a test arena during soMF or with the
double-wrapped Helmholtz coils run in sham mode as control
(same currents but in antiparallel sense, so no resulting MF).
Immediately after the experiment, ﬁsh were preserved in 4%
paraformaldehyde (PFA) for subsequent immunostaining against
pERK (marker of activated neurons) and tERK (total ERK, with a
broad expression providing anatomical information and a
reference for signal normalization60).
We quantiﬁed the pERK ﬂuorescent signals in several brain
regions that have previously been suggested to be involved in
magnetoreception in various species, and that were readily
discernible in our stained specimens (Fig. 4a). These include:
(1) the olfactory epithelium (oe), suggested to contain magnetor-
eceptor cells in rainbow trout61; (2) the pineal gland (pg), (3) the
habenula (hb), found responsive to MFs in rats and birds62, the
(4) lateral cerebellum (lcb) and (5) hindbrain (lhind), responsive
to constantly changing MFs in homing pigeons42,63 and
European robins39.
While our analysis of ﬁsh stimulated with soMF failed to reveal
changes in pERK signal in the olfactory epithelium, pineal gland,
habenulae, and cerebellum (Fig. 4b–e respectively), it showed a
signiﬁcant increase of activity in the lateral hindbrain (lhind,
Fig. 4f). This result was replicated in an independent cohort of
ﬁsh (Supplementary Fig. 11). Even though both the hindbrain
and cerebellum are generally involved in controlling motor
coordination and locomotion in ﬁsh64,65, increased activation
was observed only in the hindbrain. Taken together, these results
identify the lateral hindbrain as a candidate brain region that may
be involved in the magnetosensitivity observed in medaka.
Discussion
In this study we adapted and developed speciﬁc behavioral assays
and analyses to assess magnetoreception in two genetic teleost
models, zebraﬁsh and medaka, at different times during their life
cycle. To assess magnetoreception in sexually mature ﬁsh, we
chose an intra-subjective design, where each ﬁsh was tested twice
under two different directions of the magnetic ﬁeld . The direc-
tional preference assay that we conducted in independent cohorts
of sexually mature ﬁsh (Figs. 1b and 2) showed that both species
are magnetoreceptive also in the absence of visible light. However,
we cannot exclude the possibility that a light-dependent
mechanism also exists, one that may work in addition or in
parallel whenever short-wavelength light is available. Given the
evidence for the coexistence of two mechanisms that has been
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Fig. 4 Increased number of pERK-positive neurons found in juvenile medaka hindbrain upon stimulation with a slowly oscillating magnetic ﬁeld. a Schematic
of medaka brain, dorsal view, anterior up. The major anatomical divisions into forebrain, midbrain, and hindbrain are indicated. oe olfactory epithelium, pg
pineal gland, hb left habenula, rhb right habenula, lcb lateral cerebellum, lhind lateral hindbrain. b–f Upper panels show confocal images (maximum z-
projections) of the different brain areas of interest stained against phosphorylated ERK (pERK, magenta) and total ERK (tERK, green) in juvenile medaka
exposed to soMF or control condition (sham). Scale bars: 50 μm (b, c), 100 μm (d, e, f). Lower panels show the corresponding quantiﬁcations of the
normalized pERK signals (pERK/tERK). The plots show mean and standard error (±SEM). A t-test (two-tailed) with Welch’s correction for unequal
variances was used and p values adjusted for multiple comparison by controlling the false discovery rate (FDR) at 0.05 alpha level of signiﬁcance are
reported. Dark spots in the images correspond to sparse pigments present in the Cab strain. Signals from regions with prominent pigmentation were not
quantiﬁed
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reported for several species28,30–35 (Fig. 1a), it will be interesting
in the future to determine whether a light-dependent mechanism
for magnetoreception is also realized in teleost ﬁsh in addition to
the light-independent mechanism.
In comparison to the distribution of the angular differences
calculated over the two conditions (NE−NW) in each ﬁsh (Fig. 2),
we observed a larger spread when we plotted the directional
preference from all initial runs in the groups (Supplementary
Fig. 9) similar to an analysis previously conducted by Takebe
et al.46. Although a larger number of observations may have
revealed a stronger clustering of the directional preference of the
group, as has been previously reported for zebraﬁsh46, our result
may also be explained by the conditions in which the directional
preference assay was conducted. In particular, testing ﬁsh in
isolation and with no spatial cues but the MF prevents them from
referencing and adjusting their individual directional choice to
other spatial information and to the behavior of conspeciﬁcs,
conversely to what occurs in nature within schools of ﬁsh66,67.
Behavioral tests on cohorts of ﬁsh tested in groups and/or with
additional spatial cues present may thus be informative also with
respect to the ecological relevance of the observed magnetor-
eception for navigation purposes.
The “locomotor assay” we developed (Figs. 1b and 3) further
provided evidence that already at young adult stages, medaka
respond to weak and slowly oscillating MFs by changing the
velocity and the structure of exploratory swimming. Interestingly,
comparable hyperactivity has also recently been reported for
insects exposed to oscillating MFs7. An increase in locomotion
and feeding rate was also observed in several teleosts during
natural geomagnetic disturbances68. With respect to young zeb-
raﬁsh however, the inability of our assay to detect a behavioral
effect leaves it an open question whether magnetoreceptive
behavior occurs later during development, or whether a different
assay is needed to detect this behavior in young zebraﬁsh.
Furthermore, the design of the behavioral assay and the small
size of juvenile medaka allowed us to readily search for related
brain activation patterns using whole-mount histological techni-
ques. We identiﬁed the lateral hindbrain as a candidate region
that was differentially activated during soMF-induced changes in
exploratory behavior (Fig. 4f). By homology to zebraﬁsh and
other vertebrates’ functional anatomy, the lateral hindbrain of
medaka is likely to process inputs from cranial or peripheral
sensory systems, such as the vestibular, lateral line, and trigeminal
ganglia69–71. As discussed, an involvement of both vestibular42,63
and trigeminal37–40,72 systems has been proposed in vertebrates.
Live neural recordings during repeated presentations of mag-
netic stimuli with a systematic change of parameters, together
with analyses of the connectivity patterns, will be useful to expand
on the whole-mount pERK analysis performed in this study. This
may help to disentangle stimulus-related neuronal activation
patterns from brain activities more closely linked to magnetor-
eceptive behavior and to possibly also trace connections back to
the candidate magnetoreceptor cells. The behavioral assays
combined with neuroimaging may also provide a useful readout
for forward genetic screens.
To conclude, we provide evidence for a mechanism of mag-
netoreception in the teleost ﬁsh zebraﬁsh and medaka that is
independent of visible light. We developed a simple assay to
measure magnetoreceptive behavior already in juvenile medaka
and identiﬁed the lateral hindbrain as a candidate brain
region involved in magnetosensitivity using a histological brain
mapping technique. These data show that the genetic and optical
accessibility of these laboratory teleosts make them attractive
models for in-depth follow-up studies to uncover the biophysical
sensing mechanism and neuronal computation underlying
magnetoreception.
Methods
Directional preference assay in adult zebraﬁsh and medaka. Adult zebraﬁsh
(AB strain) and medaka (Cab strain73) were used in this study (see Supplementary
Table 2 for details). The ﬁsh were fed with artemia twice per day and kept in a
standard 14/10 h light/dark cycle. Zebraﬁsh were offsprings from a single parent
couple and therefore genetically similar. All animal experiments were approved by
the government of Upper Bavaria and were carried out in accordance with the
approved guidelines. We took particular care to minimize spatial or auditory cues
by installing the coil set-up in a dedicated laboratory space at the Institute of
Zoology at University of Hohenheim or at the paleomagnetic laboratory “Nie-
derlippach” of the Ludwig-Maximillian University (LMU). The test arena (Fig. 2a)
was a spatially uniform glass petri dish (Ø 17 cm, H 3 cm) located inside an opaque
carton box (Black hardboard TB4, Thorlabs) placed on a wooden table and covered
with a black curtain (Blackout fabric BK5, Thorlabs) blocking any ambient light
from reaching the test arena. In addition to the black curtain covering the arena, all
other light sources in the room were switched off or covered with black tape such
that all visual stimuli were abolished in the IR and D-IR conditions. The table was
placed in the center of two pairs of Helmholtz coils. The coils were used to deﬂect
the horizontal component (H) of the GMF in the room 45° towards either the East
(NE) or West (NW) in a conﬁguration in which equal amounts of current were
ﬂowing through the coil in both conditions (Supplementary Fig. 1). The coil pair in
the East−West orientation generated the directional deﬂection of the MF, while the
intensity was adjusted by applying a current in the North−South orientation
(Supplementary Fig. 1), controlled with a compass and a magnetometer. The
horizontal (H) and the vertical (V) component thereby remained at GMF strength
((H) 23.3 µT, V 40.5 µT, total 50.6 µT, inclination 62.6°). The environment was kept
unchanged between the two conditions for each trial, except for the change in the
horizontal component of the local MF. At the center of the test arena, a transparent
plastic circular cylinder (Ø 6 cm) was moved up by an automatic lifting mechanism
to release the ﬁsh. A custom-made IR illumination table, consisting of an array of
IR LEDs (1060 nm, ELD-1060-525, Jenoptik, Germany, with a diffuser on top) was
placed underneath the arena. For the WL experiments, a WL ring illumination
(Leica) was centered above the petri dish. A camera sensitive over a broad range
including IR was used for video recording (Sony DCR-HC23E). The IR illumi-
nation was switched on during all experiments while videos were captured at 25
frames per sec (FPS). During the acclimation phase (Fig. 2c), ﬁsh were kept
individually for 1 h in small tanks placed inside boxes made of opaque material
(Black posterboard TB5, Thorlabs) in either light (WL) or in darkness (D). The
direction of the MF (NW or NE) was set before ﬁsh were placed individually in the
inner cylinder at the center of the test arena and left there for 20 s before being
released. The swimming trajectories were recorded for 1 (in the case of zebraﬁsh)
or 2 (in the case of medaka) minutes before the ﬁsh were removed from the arena
and placed back to the individual box. Fish were tested randomly in the NW or NE
condition and left to rest for ~45 min before being tested again in the opposite
magnetic condition (or the same magnetic condition in case of the 0° experiment,
Supplementary Fig. 3). Fish that were tested after acclimation in darkness were
transferred to the test arena under red light illumination.
Tracking of the nose and the center of mass of the ﬁsh was performed
automatically with a custom written routine in Matlab (MathWorks, MA, USA).
To assess the bearing (BE) of individual ﬁsh, the program determined the point
at which the nose of the ﬁsh was crossing the virtual circle of radius 6 cm
(Fig. 2d). The bearing was then deﬁned as the angle from the center of the arena
to the crossing point, relative to geomagnetic North. In order to assess whether
the ﬁsh did change their preferred direction between the conditions, we
computed the difference in directional preference between these two magnetic
conditions. The change in preference was thus deﬁned as the angular difference
in bearing between the two magnetic conditions (BE(NE) − BE(NW)) and was
calculated for each individual ﬁsh. In the case where the ﬁsh were tested twice in
the same magnetic condition (0° deﬂection, Supplementary Fig. 3), the angular
difference was computed as BE(2nd trial) − BE(1st trial). Fish that did not cross
the line within 1 min after release were excluded from the analysis. Manual
corrections of the crossing points were made in few cases (5 of 142) in which the
automated image analysis was not possible. For assessing the spatial preference
(SP), the arena was divided into 12 segments and SP was deﬁned as the segment
in which the ﬁsh (using the centroid) spent most of the time during the second
minute after release. SP could still be determined in case the automatic release
mechanism failed. Manual corrections were made in a few cases (4 out of 87) in
which the tracking software could not correctly track the ﬁsh for the entire time
of the experimental run. The difference in the preferred segment between the
two conditions (NE, NW) was converted to an angle (in steps of 30°) for each
ﬁsh (Fig. 2g). The directional preference of the group (Supplementary Fig. 9) was
assessed by analyzing the ﬁrst trial of each ﬁsh normalized to the geomagnetic
North. Analysis of circular statistics was performed using Oriana 4 (Kovach
Computing Services). The distribution of angular differences (either polar or
axial) were assessed by the Rayleigh test for clustering of data as well as
compared to the expected mean of 90° by inspecting the 95% conﬁdence interval
and using the V-test74, which tests for uniformity against an alternative
hypothesis of a distribution with a speciﬁed mean (in our case 90°). The circular
plots for BE were generated in Matlab by plotting one dot for each ﬁsh
representing the difference angle. In the case of SP, the angular difference was
binned and these values were plotted at the center of the bin. Please refer to
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Supplementary Tables 2 and 3 for a summary of the conditions used in each
experiment and the statistical analysis.
To analyze the thigmotaxis behavior of zebraﬁsh (Supplementary Fig. 5,
Supplementary Table 1), the zebraﬁsh IR data were analyzed using Ethovision
software (Ethovision XT, Noldus, the Netherlands). Thigmotaxis was deﬁned as
presence of the ﬁsh in a zone of the arena with 2.5 cm distance from the wall. For
statistical analysis, the normality of the behavioral data was assessed in GraphPad
Prism 6 (GraphPad Software, CA, USA), calculating Shapiro−Wilk normality test,
KS normality test, and D’Agostino & Pearson omnibus test. Only in case the data
showed a normal distribution according to at least two out of the three tests, a t-
test was used, otherwise nonparametric tests were employed. Plots were generated
in GraphPad Prism 6.
Swimming strategy for adult medaka in light and darkness. To assess the
swimming strategy of sexually mature medaka in IR compared to WL (Supple-
mentary Fig. 6, Supplementary Table 1) one group of ﬁsh were tested in both light
conditions. Eleven ﬁsh of mixed gender of the Cab strain, aged ~6 months, were
observed individually for 2 min in a circular arena (15 cm diameter). Six indivi-
duals were tested ﬁrst in IR, and then in WL, while the remaining ﬁsh were tested
ﬁrst in WL and then in IR. The arena was illuminated from below with a ring of
LEDs (1060 nm) and a WL illumination table. The IR source was always turned on,
while the illumination table was switched on only for the WL trial. Whatman paper
underneath the arena created a homogeneous white background. Fish were imaged
for 2 min at 20 FPS from above with a near-infrared sensitive camera (Ximea
MQ013RG-E2, Germany). The whole setup was placed within a black box made of
carton not transparent to light (Black hardboard TB4, Thorlabs, USA).
The natural swimming behavior in the two illumination conditions were
assessed with Ethovision software (Ethovision XT, Noldus, the Netherlands).
Continuous looping behavior was assessed through the rotation parameter
available within the software, where 720° rotations of the ﬁsh heading were counted
(using 0° threshold, not accepting any backwards movement, with a minimum
distance traveled of 1 cm). For statistical analysis, the normality of the behavioral
data was assessed in GraphPad Prism 6, calculating Shapiro−Wilk normality test,
KS normality test, and D’Agostino & Pearson omnibus test. A (paired) t-test was
used only when the data showed a normal distribution according to at least two out
of the three tests; otherwise, the nonparametric Wilcoxon signed rank test was
employed. For details, please refer to Supplementary Table 1. Plots were generated
in GraphPad Prism 6.
Locomotor activity in juvenile ﬁsh. Zebraﬁsh of the AB strain and medaka of the
Cab strain were grown at 28°C with a 14 h light/10 h dark cycle. From day 5
onwards, zebraﬁsh larvae were raised in the ﬁsh facility under standard conditions.
At 13 dpf (day post fertilization) the ﬁsh were starved for 24 h prior to the
experiment. Medaka juveniles were tested within 5 days after hatching (between 10
and 12 dpf). See Supplementary Table 4 for details. A transparent circular arena (Ø
6 cm) was placed on a transparent glass table above a homogeneous LED WL
source (Copic, LED Drawing light table, 22075 663, 420–700 nm), in the center of a
pair of double-wrapped Helmholtz coils23,59. These coils work either in sham-
mode or in ﬁeld-mode such that the power delivered from the power supply is
equal in both conditions, and thus not producing noise depending on the amount
of delivered power. In the sham-oscillatory ﬁeld condition (control) the currents
were also oscillatory at the same frequency as in the experimental condition. An
MF was generated when the current ran in parallel, while in sham mode the
currents ran in opposite directions within the coils resulting in no net MF at the
test arena while producing the same electric noise and ohmic heating (which was
however minimal). An oscillating MF (sinusoidal with peak value 40 μT oscillating
at 1 Hz) was applied in the East−West direction (Fig. 3), resulting in a continuous
change in both direction and intensity of the ﬁeld. The swimming of the ﬁsh in the
arena was imaged with the Ximea MQ003MG-CM camera from above (the
custom-made setup is depicted in Supplementary Fig. 12). The ﬁsh were intro-
duced in the arena containing fresh water (same as the tank water in which the two
species are raised and cultured) with the oscillating ﬁeld either in the magnetic
(soMF) or in sham mode (sham). After 2 min, the stimulation was changed to
soMF (group 1) or sham (group 2), respectively, and the ﬁsh were observed for
another 2 min.
Analysis of the locomotor activity was performed using Ethovision software
(Ethovision XT, Noldus, the Netherlands). Velocity and number of turns were
computed automatically and in the case manual corrections to the swimming
trajectories were necessary, this was done without knowledge of the experimental
condition. Turns were deﬁned as 90° rotations of the ﬁsh heading (using 0°
threshold, not accepting any backwards movement). Fish that were inactive (mean
swimming velocity below 0.01 cm s−1) were excluded from the analysis. Behavioral
data were tested for whether they were consistent with a normal distribution using
three tests for normality (Shapiro−Wilk, KS, and D’Agostino & Pearson omnibus
normality test as implemented in GraphPad Prism 6). If at least two out of three
tests were consistent with a normal distribution, a t-test was used for statistical
analysis. Otherwise, nonparametric tests were employed, respectively. For details,
refer to Supplementary Tables 4, 5, and 6 for a summary of the statistical analysis.
Plots were generated in GraphPad Prism 6.
Mapping of neuronal activation after stimulation with soMF. Using the same
setup as in Fig. 3a and as explained above, juvenile medaka were stimulated while
swimming together as a group either with MFs oscillating at 1 Hz at the intensity of
the GMF (soMF condition) or in sham mode (control condition). After 10 min, ﬁsh
were collected and quickly preserved in 4% PFA (Sigma Aldrich) in PBS + 0.25%
Triton (PBTr) overnight at 4 °C. The juvenile ﬁsh were then immunostained using
a protocol similar to the one described in Randlett et al.63. Brieﬂy, the samples were
placed in 2 ml Eppendorf tubes and washed three times for 15 min in PBTr at room
temperature, shaking at a speed >400 rpm. Next, the samples were treated once for
5 min with 150 mM Tris-HCL pH9 at room temperature and then incubated once
for 15 min at 70 °C. The samples were washed as above, once for 5 min in PBTr
and were subsequently incubated with-Trypsin EDTA (Life Technology, diluted
1:20 in PBTr) for 45 min on ice. Five washes were performed as above, each for 5
min. The samples were then incubated in Blocking Buffer (5% goat serum, 1% BSA,
1% DMSO in PBTr) for 1 h at room temperature, continuously shaking at a speed
>400 rpm. Subsequently, the samples were incubated in primary antibodies (anti-
pERK from Cell Signaling, 4370 and tERK from Cell Signaling, 4696) at the
dilution of 1:600 in Blocking Buffer, shaking over two nights at 4 °C. After washing
ten times, each for 5 min as above, samples were incubated in secondary antibodies
(anti-rabbit DyLight 594 from ThermoFisher Scientiﬁc and anti-mouse AF488
from Abcam, ab150113), at a dilution of 1:500 in Blocking Buffer shaking over two
nights at 4 °C. The samples were then washed ten times, each of 5 min and
mounted on slides in 80% glycerol (in PBS). Samples were subsequently imaged
using confocal microscope (Olympus FLUOVIEW FV12, ×20 objective), using a
559 nm laser (to detect pERK signal) and 488 nm laser (to detect tERK signal). The
same laser intensity (15%) was used for all confocal scans. Each confocal scan was
performed using a voxel size of 0.62 × 0.62 × 2.5 μm (x × y × z). Individuals sti-
mulated with soMF and controls were imaged in a random sequence.
All data processing was performed by two scientists with the group assignments
of the data sets encrypted, using Fiji75 and custom Matlab routines. To quantify
neuronal activation, the mean intensity of the pERK signal in each brain region was
computed for each of the selected z-planes. The pERK signal was normalized
dividing it by the mean intensity of the tERK signal for each plane63. Statistics were
computed in GraphPad Prism 6 and in R76. Shapiro−Wilk normality test, KS
normality test, and D’Agostino & Pearson omnibus test were employed to assess
the normality of the data. If data were normally distributed (based on the results
from at least two out of three of the above-mentioned tests), they were analyzed
using a two-tailed Welch’s t-test (see Supplementary Table 7 for details). The
graphs display the mean and the standard error of the mean (±SEM) and were
generated with GraphPad Prism 6. For display of example results in Fig. 4,
maximum z-projections were computed in Fiji75.
Data availability. Data are available upon reasonable request to the corresponding
author.
Received: 18 June 2017 Accepted: 18 January 2018
References
1. Wiltschko, W. & Wiltschko, R. Magnetic orientation and magnetoreception in
birds and other animals. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav.
Physiol. 191, 675–693 (2005).
2. Lohmann, K. et al. Magnetic orientation of spiny lobsters in the ocean:
experiments with undersea coil systems. J. Exp. Biol. 198, 2041–2048 (1995).
3. Boles, L. C. & Lohmann, K. J. True navigation and magnetic maps in spiny
lobsters. Nature 421, 60–63 (2003).
4. Wiltschko, W. & Wiltschko, R. Magnetic compass of European robins. Science
176, 62–64 (1972).
5. Oliveriusová, L., Němec, P., Králová, Z. & Sedláček, F. Magnetic compass
orientation in two strictly subterranean rodents: learned or species-speciﬁc
innate directional preference? J. Exp. Biol. 215, 3649–3654 (2012).
6. Burda, H., Marhold, S., Westenberger, T., Wiltschko, R. & Wiltschko, W.
Magnetic compass orientation in the subterranean rodent Cryptomys
hottentotus (Bathyergidae). Experientia 46, 528–530 (1990).
7. Bazalova, O. et al. Cryptochrome 2 mediates directional magnetoreception in
cockroaches. Proc. Natl. Acad. Sci. USA 113, 1660–1665 (2016).
8. Vácha, M. Laboratory behavioural assay of insect magnetoreception:
magnetosensitivity of Periplaneta americana. J. Exp. Biol. 209, 3882–3886
(2006).
9. Rodgers, C. T. Magnetic ﬁeld effects in chemical systems. Pure Appl. Chem. 81,
19–43 (2009).
10. Ritz, T., Adem, S. & Schulten, K. A model for photoreceptor-based
magnetoreception in birds. Biophys. J. 78, 707–718 (2000).
11. Hore, P. J. & Mouritsen, H. The radical-pair mechanism of magnetoreception.
Annu. Rev. Biophys. 45, 299–344 (2016).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03090-6
8 NATURE COMMUNICATIONS |  (2018) 9:802 |DOI: 10.1038/s41467-018-03090-6 |www.nature.com/naturecommunications
12. Maeda, K. et al. Magnetically sensitive light-induced reactions in
cryptochrome are consistent with its proposed role as a magnetoreceptor.
Proc. Natl. Acad. Sci. USA 109, 4774–4779 (2012).
13. Deutschlander, M. E., Borland, S. C. & Phillips, J. B. Extraocular magnetic
compass in newts. Nature 400, 324–325 (1999).
14. Wiltschko, R. & Wiltschko, W. Pigeon homing: effect of various wavelengths
of light during displacement. Naturwissenschaften 85, 164–167 (1998).
15. Wiltschko, W., Munro, U., Ford, H. & Wiltschko, R. Red light disrupts
magnetic orientation of migratory birds. Nature 364, 525–527 (1993).
16. Phillips, J.B. & Borland, S.C. Behavioural evidence for use of a light-dependent
magnetoreception mechanism by a vertebrate. Nature 359, 142–144 (1992).
17. Malkemper, E. P. et al. Magnetoreception in the wood mouse (Apodemus
sylvaticus): inﬂuence of weak frequency-modulated radio frequency ﬁelds. Sci.
Rep. 4, 9917 (2015).
18. Ritz, T., Thalau, P., Phillips, J. B., Wiltschko, R. & Wiltschko, W. Resonance
effects indicate a radical-pair mechanism for avian magnetic compass. Nature
429, 177–180 (2004).
19. Gegear, R. J., Casselman, A., Waddell, S. & Reppert, S. M. Cryptochrome
mediates light-dependent magnetosensitivity in Drosophila. Nature 454,
1014–1018 (2008).
20. Gegear, R. J., Foley, L. E., Casselman, A. & Reppert, S. M. Animal
cryptochromes mediate magnetoreception by an unconventional
photochemical mechanism. Nature 463, 804–807 (2010).
21. Kirschvink, J. L. & Gould, J. L. Biogenic magnetite as a basis for magnetic ﬁeld
detection in animals. Biosystems 13, 181–201 (1981).
22. Kirschvink, J. L., Walker, M. M. & Diebel, C. E. Magnetite-based
magnetoreception. Curr. Opin. Neurobiol. 11, 462–467 (2001).
23. Winklhofer, M. & Kirschvink, J. L. A quantitative assessment of torque-
transducer models for magnetoreception. J. R. Soc. Interface 7, S273–S289
(2010).
24. Quinn, T. P., Merrill, R. T. & Brannon, E. L. Magnetic ﬁeld detection in
sockeye salmon. J. Exp. Zool. 217, 137–142 (1981).
25. Light, P., Salmon, M. & Lohmann, K. J. Geomagnetic orientation of
loggerhead sea turtles: evidence for an inclination compass. J. Exp. Biol. 182,
1–10 (1993).
26. Thalau, P., Ritz, T., Burda, H., Wegner, R. E. & Wiltschko, R. The magnetic
compass mechanisms of birds and rodents are based on different physical
principles. J. R. Soc. Interface 3, 583–587 (2006).
27. Marhold, S., Wiltschko, W. & Burda, H. A magnetic polarity compass for
direction ﬁnding in a subterranean mammal. Naturwissenschaften 84,
421–423 (1997).
28. Munro, U., Munro, J. A., Phillips, J. B., Wiltschko, R. & Wiltschko, W.
Evidence for a magnetite-based navigational ‘map’ in birds.
Naturwissenschaften 84, 26–28 (1997).
29. Irwin, W. P. & Lohmann, K. J. Disruption of magnetic orientation in hatchling
loggerhead sea turtles by pulsed magnetic ﬁelds. J. Comp. Physiol. A
Neuroethol. Sens. Neural Behav. Physiol. 191, 475–480 (2005).
30. Wiltschko, R., Stapput, K., Thalau, P. & Wiltschko, W. Directional orientation
of birds by the magnetic ﬁeld under different light conditions. J. R. Soc.
Interface 7, S163–S177 (2010).
31. Phillips, J. B. Two magnetoreception pathways in a migratory salamander.
Science 233, 765–767 (1986).
32. Phillips, J. & Borland, S. Use of a specilized magnetoreception system for
homing by the eastern red-spotted newt notophthalmus viridescens. J. Exp.
Biol. 188, 275–291 (1994).
33. Phillips, J. B., Borland, S. C., Freake, M. J., Brassart, J. & Kirschvink, J. L.
‘Fixed-axis’ magnetic orientation by an amphibian: non-shoreward-directed
compass orientation, misdirected homing or positioning a magnetite-based
map detector in a consistent alignment relative to the magnetic ﬁeld? J. Exp.
Biol. 205, 3903–3914 (2002).
34. Muheim, R., Bäckman, J. & Akesson, S. Magnetic compass orientation in
European robins is dependent on both wavelength and intensity of light. J.
Exp. Biol. 205, 3845–3856 (2002).
35. Wiltschko, R., Munro, U., Ford, H., Stapput, K. & Wiltschko, W. Light-
dependent magnetoreception: orientation behaviour of migratory birds under
dim red light. J. Exp. Biol. 211, 3344–3350 (2008).
36. Stapput, K., Thalau, P., Wiltschko, R. & Wiltschko, W. Orientation of birds in
total darkness. Curr. Biol. 18, 602–606 (2008).
37. Hellinger, J. & Hoffmann, K.-P. Magnetic ﬁeld perception in the rainbow trout
Oncorynchus mykiss: magnetite mediated, light dependent or both? J. Comp.
Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 198, 593–605 (2012).
38. Walker, M. M. et al. Structure and function of the vertebrate magnetic sense.
Nature 390, 371–376 (1997).
39. Heyers, D., Zapka, M., Hoffmeister, M., Wild, J. M. & Mouritsen, H. Magnetic
ﬁeld changes activate the trigeminal brainstem complex in a migratory bird.
Proc. Natl. Acad. Sci. USA 107, 9394–9399 (2010).
40. Semm, P. & Beason, R. C. Responses to small magnetic variations by the
trigeminal system of the bobolink. Brain Res. Bull. 25, 735–740 (1990).
41. Burger, T. et al. Changing and shielded magnetic ﬁelds suppress c-Fos
expression in the navigation circuit: input from the magnetosensory system
contributes to the internal representation of space in a subterranean rodent. J.
R. Soc. Interface 7, 1275–1292 (2010).
42. Wu, L.-Q. & Dickman, J. D. Magnetoreception in an avian brain in part
mediated by inner ear lagena. Curr. Biol. 21, 418–423 (2011).
43. Wu, L.-Q. & Dickman, J. D. Neural correlates of a magnetic sense. Science 336,
1054–1057 (2012).
44. Vidal-Gadea, A. et al. Magnetosensitive neurons mediate geomagnetic
orientation in Caenorhabditis elegans. Elife 4, e07493 (2015).
45. Shcherbakov, D. et al. Magnetosensation in zebraﬁsh. Curr. Biol. 15,
R161–R162 (2005).
46. Takebe, A. et al. Zebraﬁsh respond to the geomagnetic ﬁeld by bimodal and
group-dependent orientation. Sci. Rep. 2, 727 (2012).
47. Krylov, V. V., Osipova, E. A., Pavlova, V. V. & Batrakova, A. A. Inﬂuence of
magnetic ﬁeld on the spatial orientation in zebraﬁsh (Danio rerio)
(Cyprinidae) and Roach (Rutilus rutilus) (Cyprinidae). J. Ichthyol. 56, 456–461
(2016).
48. Osipova, E. A., Pavlova, V. V., Nepomnyashchikh, V. A. & Krylov, V. V.
Inﬂuence of magnetic ﬁeld on zebraﬁsh activity and orientation in a plus
maze. Behav. Process. 122, 80–86 (2016).
49. Wittbrodt, J., Shima, A. & Schartl, M. Medaka—a model organism from the
far East. Nat. Rev. Genet. 3, 53–64 (2002).
50. Kasahara, M. et al. The medaka draft genome and insights into vertebrate
genome evolution. Nature 447, 714–719 (2007).
51. Shcherbakov, D. et al. Sensitivity differences in ﬁsh offer near-infrared
vision as an adaptable evolutionary trait. PLoS ONE 8, e64429 (2013).
52. Wiltschko, R., Gehring, D., Denzau, S., Nießner, C. & Wiltschko, W.
Magnetoreception in birds: II. Behavioural experiments concerning the
cryptochrome cycle. J. Exp. Biol. 217, 4225–4228 (2014).
53. Easter, S. S. Jr & Nicola, G. N. The development of vision in the zebraﬁsh
(Danio rerio). Dev. Biol. 180, 646–663 (1996).
54. Colwill, R. M. & Creton, R. Imaging escape and avoidance behavior in
zebraﬁsh larvae. Rev. Neurosci. 22, 63–73 (2011).
55. Maximino, C. et al. Measuring anxiety in zebraﬁsh: A critical review. Behav.
Brain Res. 214, 157–171 (2010).
56. Avni, R., Zadicario, P. & Eilam, D. Exploration in a dark open ﬁeld: a shift
from directional to positional progression and a proposed model of acquiring
spatial information. Behav. Brain Res. 171, 313–323 (2006).
57. Kirschvink, J. L. Uniform magnetic ﬁelds and double-wrapped coil systems:
improved techniques for the design of bioelectromagnetic experiments.
Bioelectromagnetics 13, 401–411 (1992).
58. Dunn, T. W. et al. Brain-wide mapping of neural activity controlling zebraﬁsh
exploratory locomotion. Elife 5, e12741 (2016).
59. Cancedda, L. et al. Patterned vision causes CRE-mediated gene expression
in the visual cortex through PKA and ERK. J. Neurosci. 23, 7012–7020
(2003).
60. Randlett, O. et al. Whole-brain activity mapping onto a zebraﬁsh brain atlas.
Nat. Methods 12, 1039–1046 (2015).
61. Eder, S. H. K. et al. Magnetic characterization of isolated candidate vertebrate
magnetoreceptor cells. Proc. Natl. Acad. Sci. USA 109, 12022–12027
(2012).
62. Semm, P. Neurobiological investigations on the magnetic sensitivity of the
pineal gland in rodents and pigeons. Comp. Biochem. Physiol. A Physiol. 76,
683–689 (1983).
63. Semm, P., Nohr, D., Demaine, C. & Wiltschko, W. Neural basis of the
magnetic compass: interactions of visual, magnetic and vestibular inputs in the
pigeon’s brain. J. Comp. Physiol. 155, 283–288 (1984).
64. Kinkhabwala, A. et al. A structural and functional ground plan for neurons in
the hindbrain of zebraﬁsh. Proc. Natl. Acad. Sci. USA 108, 1164–1169 (2011).
65. Ahrens, M. B. et al. Brain-wide neuronal dynamics during motor adaptation
in zebraﬁsh. Nature 485, 471–477 (2012).
66. Herbert-Read, J. E. Understanding how animal groups achieve coordinated
movement. J. Exp. Biol. 219, 2971–2983 (2016).
67. Partridge, B. L. Internal dynamics and the interrelations of ﬁsh in schools. J.
Comp. Physiol.144, 313 (1981).
68. Krylov, V. V., Izyumov, Y. G., Izvekov, E. I. & Nepomnyashchikh, V. A.
Magnetic ﬁelds and ﬁsh behavior. Biol. Bull. Rev. 4, 222–231 (2014).
69. Straka, H. & Baker, R. Vestibular blueprint in early vertebrates. Front. Neural
Circuits 7, 182 (2013).
70. Fame, R. M., Brajon, C. & Ghysen, A. Second-order projection from the
posterior lateral line in the early zebraﬁsh brain. Neural Dev. 1, 4
(2006).
71. Erzurumlu, R. S., Murakami, Y. & Rijli, F. M. Mapping the face in the
somatosensory brainstem. Nat. Rev. Neurosci. 11, 252–263 (2010).
72. Mora, C. V., Davison, M., Wild, J. M. & Walker, M. M. Magnetoreception
and its trigeminal mediation in the homing pigeon. Nature 432, 508–511
(2004).
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03090-6 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:802 |DOI: 10.1038/s41467-018-03090-6 |www.nature.com/naturecommunications 9
73. Loosli, F., Henrich, T., Wakamatsu, Y. & Wittbrodt, J. The conditional
medaka mutation eyeless uncouples patterning and morphogenesis of the eye.
Development 127, 1911–1919 (2000).
74. Batschelet, E. Circular Statistics in Biology (Academic Press, London, 1981).
75. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. Methods 9, 676–682 (2012).
76. Team, R. C. R: A Language and Environment for Statistical Computing (R
Foundation for Statistical Computing: Vienna, Austria, 2011).
Acknowledgements
We thank Dr. Baubak Bajoghli for sharing medaka Cab strain, Dr. Sabrautzki for her
support and for her valuable feedback on the animal experiments, Anja Stelzl for con-
tributing to animal husbandry and raising the juveniles, Hannes Rolbieski for adminis-
trative support, Panagiotis Symvoulidis for feedback on the pERK analysis, Christiane
Fuchs and Hannah Busen for statistical advice, Susanne Seitz and Bahar Najaﬁ for access
to microscopy, and Chris Penningroth for careful reading of the manuscript. S.H.K.E
acknowledges support from DFG grant Ed258/1-1. M.W. acknowledges funding from the
Human Frontier Science Program (RGP13/2013). A.M., A.L., and G.G.W. are grateful for
support from the European Research Council under grant agreement ERC-StG: 311552
awarded to G.G.W.
Author contributions
A.M. and A.L. designed, performed, and analyzed all the experiments. S.H.K.E and D.S.
designed and built the coil systems for the experiments in sexually mature ﬁsh and
performed preliminary experiments. S.H.K.E. contributed to the design of the experi-
ments conducted on juvenile ﬁsh and built the double-wrapped Helmholtz coils used for
this experiment, performed the experiments on the sexually mature ﬁsh together with A.
M. and A.L. and gave feedback on the manuscript. M.C. wrote the algorithm used for
automated tracking and analysis of the bearing of the adult ﬁsh and gave feedback on the
statistical analysis. W.W. supported the project and provided feedback. M.W. contributed
to the design of the adult experiments, supported the project and provided detailed
feedback on the manuscript. A.L. conceived and generated the illustrations. G.G.W.
designed, coordinated, and supervised the study. A.L., A.M., and G.G.W. wrote the
manuscript.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-03090-6.
Competing interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03090-6
10 NATURE COMMUNICATIONS |  (2018) 9:802 |DOI: 10.1038/s41467-018-03090-6 |www.nature.com/naturecommunications
